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Fear Conditioning Potentiates Synaptic Transmission onto
Long-Range Projection Neurons in the Lateral Subdivision of
Central Amygdala
Mario A. Penzo,* Vincent Robert,* and Bo Li
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724
Recent studies indicate that the lateral subdivision of the central amygdala (CeL) is essential for fear learning. Specifically, fear condi-
tioning induces cell-type-specific synaptic plasticity in CeL neurons that is required for the storage of fear memories. The CeL also
controls fear expression by gating the activity of themedial subdivision of the central amygdala (CeM), the canonical amygdala output to
areas that mediate defensive responses. In addition to the connection with CeM, the CeL sends long-range projections to innervate
extra-amygdala areas.However, the long-range projectionCeLneurons have not beenwell characterized, and their role in fear regulation
is unknown. Here we show in mice that a subset of CeL neurons directly project to the midbrain periaqueductal gray (PAG) and the
paraventricular nucleus of the thalamus, two brain areas implicated in defensive behavior. These long-range projection CeL neurons are
predominantly somatostatin-positive (SOM) neurons, which can directly inhibit PAG neurons, and some of which innervate both the
PAG and paraventricular nucleus of the thalamus. Notably, fear conditioning potentiates excitatory synaptic transmission onto these
long-rangeprojectionCeLneurons.Thus, our study identifies a subpopulationof SOMCeLneurons thatmaycontribute to fear learning
and regulate fear expression independent of CeM.
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Introduction
The central amygdala (CeL) is composed of distinct types of
GABA-producing inhibitory neurons (Cassell and Gray, 1989;
Cassell et al., 1999; Ehrlich et al., 2009; Haubensak et al., 2010),
among which the somatostatin-positive (SOM) neurons are a
major population (Cassell and Gray, 1989; Li et al., 2013). These
are intermingled with SOM cells that are predominantly pro-
tein kinase C--expressing (PKC-) neurons (Haubensak et al.,
2010; Li et al., 2013). SOM neurons and PKC- neurons col-
lectively constitute 90% of the entire CeL population, and the
two cell types are mutually inhibitory (Haubensak et al., 2010; Li
et al., 2013). We recently discovered that fear conditioning in-
duces cell-type-specific plasticity in the CeL, with excitatory syn-
apses onto SOM neurons being strengthened and excitatory
synapses onto SOM neurons being weakened (Li et al., 2013).
Notably, preventing the strengthening of excitatory synapses
onto SOM neurons is associated with impaired fear memory
formation, and activation of SOM neurons is necessary for fear
memory recall and sufficient to drive fear responses. These ob-
servations indicate that experience-dependent synaptic potenti-
ation onto SOMCeL neurons stores fearmemories and enables
the expression of conditioned fear responses (Li et al., 2013).
The CeL presumably gates fear expression by tonically inhib-
iting medial subdivision of the central amygdala (CeM), the ma-
jor amygdala output to downstream fear effectors that control
defensive responses (LeDoux et al., 1988; Johansen et al., 2011).
Interestingly, although the SOM CeL neurons can inhibit lo-
cally within CeL, strongly inhibiting SOM neurons, they nei-
ther send noticeable projections to the CeM nor inhibit CeM
neurons (Li et al., 2013). In sharp contrast, the PKC- CeL
neurons strongly project to and inhibit CeM neurons (Hauben-
sak et al., 2010; Li et al., 2013). These findings suggest that acti-
vation of SOM neurons promotes fear expression, at least in
part, by inhibiting PKC- (SOM) neurons, thereby disinhib-
iting CeM. They also suggest that the fear conditioning-induced
synaptic modifications in CeL likely underlie the changes in cell
firing in CeL and CeM during fear conditioning (Ciocchi et al.,
2010; Duvarci et al., 2011).
Another feature of the CeL circuit organization is that some
CeL neurons have long-range projections that innervate extra-
amygdala structures (Moga and Gray, 1985; Moga et al., 1990;
Sun et al., 1991; Sun and Cassell, 1993; Petrovich and Swanson,
1997; Bourgeais et al., 2001). These findings raise the possibility
that, in addition to the CeL–CeM pathway, additional channels
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exist for CeL to participate in fear processing. However, CeL projec-
tions to major extra-amygdala structures within the fear circuitry
have not been fully examined. Moreover, the role of the long-range
projectionCeLneurons in fear regulation isunclear. In this study,we
identified two long-range projections originating from SOM CeL
neurons, the CeL–periaqueductal gray (PAG) and CeL–paraven-
tricular thalamus (PVT) projections, which potentially have impor-
tant roles in controlling defensive responses.
Materials andMethods
Animals.Mice were group-housed under a 12 h light-dark cycle (7:00 A.M.
to 7:00 P.M. light), with food andwater freely available. The SOM-IRES-Cre
mice were generated as described previously (Taniguchi et al., 2011). All
micewerebredontoC57BL/6Jgeneticbackground.Maleand femalemiceof
40–60 d of age were used for all the experiments. All procedures involving
animalswere approvedby the InstituteAnimalCare andUseCommittees of
Cold Spring Harbor Laboratory.
Stereotaxic surgery. The AAV-DIO-ChR2(H134R)-YFP was produced
by the University of North Carolina Vector Core Facilities. The retro-
grade tracer AlexaFluor-488- or 555-conjugated cholera toxin (CTB)was
purchased from Invitrogen. Standard surgical procedures were followed
for stereotaxic injection (Li et al., 2011; Li et al., 2013). Briefly, animals
were anesthetized with ketamine (100 mg/kg) supplemented with dex-
medetomidine hydrochloride (0.4mg/kg) and positioned in a stereotaxic
injection frame (www.myNeuroLab.com). A digital mouse brain atlas
was linked to the injection frame to guide the identification and targeting
ofCeL (Angle Two Stereotaxic System,www.myNeuroLab.com). CTBor
viruses were delivered with a glass micropipette through a skull window
(1–2 mm2) by pressure application (5–12 psi, controlled by a Pi-
crospritzer III, General Valve, Fairfield, NJ, USA). The injections were
performed using the following stereotaxic coordinates for CeL: 1.22
mm from bregma, 2.6–2.75 mm lateral from the midline, and 4.6 mm
vertical from the cortical surface; for PAG:4.48mm from bregma, 0.36
mm lateral from the midline, and 2.83 mm vertical from the cortical
surface; and for PVT:1.34mm from bregma, 0.05mm lateral from the
midline, and 3.03 mm vertical from the cortical surface. During all sur-
gical procedures, animals were kept on a heating pad and were brought
back to their home cages after regaining movement. For postoperative
care, mice were hydrated by intraperitoneal injection with 0.3–0.5 ml of
lactated Ringer’s solution.We usedMetacam (meloxicam, 1–2mg/kg) as
an analgesic and to reduce inflammation. For the injection of CTB, we
injected 1 l (0.5% in PBS) and waited 3–15 d to allow the retrograde
Figure1. SOM CeL neurons project to PAG andPVT.A, Schematics of CTB injection.B, Representative coronal brain sections showing CTB injection into PAG (left) and PVT (right). In thismouse,
the PAG and PVT, respectively, were injected with the CTB conjugated to AlexaFluor-488 (CTB-488, green) and CTB conjugated to AlexaFluor-555 (CTB-555, red) (arrows indicate the injection
locations). DG, dentate gyrus. C, A representative coronal brain section containing CeL, in which the PAG- and PVT-projecting neuronswere labeledwith CTB-555 and CTB-488, respectively. SOM
neurons were recognized by an antibody. Bottom, Higher-magnification images of the boxed area in the corresponding top. Arrowheads indicate the colocalization of CTB-555, CTB-488, and SOM
in the sameneurons. Arrow indicates the colocalization of CTB555with SOM, but notwith CTB488, in the sameneuron.D, Quantification of the percentage of long-range projection CeL neurons that
are SOM (n3mice for eachgroup;meanSEM).E, A coronal brain section froma SOM-Cre;Ai14mouse that contains CeL, inwhich thePAG-projectingneuronswere labeledwithCTB-488 (left).
SOM neurons were recognized by the red fluorescence from tdTomato (middle). Bottom, Higher-magnification images of the boxed area in the corresponding top. Arrowheads indicate the
colocalization of CTB-488 and tdTomato in the same neurons. F, Same as E, except that the PVT-projecting CeL neurons were examined.
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labeling of projection neurons. For the injec-
tion of AAV, we injected 0.2l of viral solution
(1012 virus particles/ml) followed by 2–3
weeks to allow maximal viral expression.
Fear conditioning. Fear conditioning proce-
dures were performed as previously described
(Kopec et al., 2007; Li et al., 2013). Habituation
and conditioning were performed in separate
days in aMouseConditioningCage (Test-A; 18
cm  18 cm  30 cm) with an electrifiable
floor connected to a H13–15 shock generator
(Coulbourn Instruments). The Test-A cage
was situated in a larger sound-attenuated cab-
inet (H10–24A; Coulbourn Instruments). On
day 1, mice were individually habituated in a
Test-A cage with five pure tones (4 kHz, 75 dB,
30 s each) delivered at variable intervals (60–
120 s). The entire duration of this session was
600 s. On day 2, animals were individually con-
ditioned using a procedure similar to that in
day 1, except that each of the five tones co-
terminated with a 2 s 1 mA foot-shock. The
floor and walls of the cage were cleaned with
70% ethanol for each animal. During habitua-
tion and conditioning, the cabinet was illumi-
nated. On day 3, animals were tested for fear
memory in a testing cage, Test-B, in darkness.
Test-B (the testing cage) had a different shape
(22 cm  22 cm  21 cm) and floor texture
comparedwith Test-A (the conditioning cage).
The floor and walls of Test-B were wiped with
0.5% acetic acid for each animal before testing
to make the scent distinct from that of Test-A.
Behavioral response to two 4 kHz 75 dB tone
(the conditioned stimulus) delivered with a 120 s interval was recorded.
The entire duration of the test session was 340 s. Freezing behavior in
response to the two conditioned stimulus presentations during the test
session was scored. The FreezeFrame software (Coulbourn Instruments)
was used to control the delivery of tones and foot-shocks. Animal behav-
ior was captured with a monochrome CCD camera (Panasonic WV-
BP334) at 4 Hz and stored on a personal computer. Freezing behavior
was analyzed offline with the FreezeFrame software (Coulbourn Instru-
ments).
Control animals were subjected to the same procedure except for foot
shocks.
Preparation of acute brain slices and electrophysiology. Experiments
were always performed on interleaved naive and fear-conditioned ani-
mals. Acute brain slices were prepared 90 min after behavioral assess-
ment. Mice were anesthetized with isoflurane, decapitated, and their
brains quickly removed and chilled in ice-cold dissection buffer (110.0
mM choline chloride, 25.0mMNaHCO3, 1.25mMNaH2PO4, 2.5mMKCl,
0.5 mM CaCl2, 7.0 mM MgCl2, 25.0 mM glucose, 11.6 mM ascorbic acid,
and 3.1 mM pyruvic acid, gassed with 95% O2 and 5% CO2). Coronal
slices (300 m) containing the amygdala complex were cut in dissection
buffer using an HM650 VibratingMicrotome (MICROM International)
and subsequently transferred to a storage chamber containing artificial
CSF (118 mMNaCl, 2.5 mM KCl, 26.2 mM NaHCO3, 1 mM NaH2PO4, 20
mM glucose, 2 mM MgCl2, and 2 mM CaCl2, at 34°C, pH 7.4, gassed with
95% O2 and 5% CO2). After at least 40 min recovery time, slices were
transferred to room temperature and were constantly perfused with ar-
tificial CSF.
Whole-cell patch-clamp recordings were obtained with Multiclamp
700B amplifiers (Molecular Devices) low-pass filtered at 1 kHz. Record-
ings were under visual guidance using an Olympus BX51 microscope
equipped with both transmitted light illumination and epifluores-
cence illumination. Recordings were performed using glass pipettes
(open-tip resistance 4–5 M	) filled with internal solution containing
115mM cesiummethanesulphonate, 20mMCsCl, 10mMHEPES, 2.5mM
MgCl2, 4 mM Na2-ATP, 0.4 mM Na3GTP, 10 mM Na-phosphocreatine,
and 0.6 mM EGTA, pH 7.2. The mEPSCs were recorded at a holding
potential of 70 mV in the presence of tetrodotoxin (TTX; 1 ìM) and
picrotoxin (100 ìM). Light-evoked ChR2-mediated currents were re-
corded at a holding potential of –70 mV. The light-evoked IPSCs were
recorded at a holding potential of 0 mV in the presence of APV (100M)
andNBQX (3M). Electrophysiological data were acquired and analyzed
using pCLAMP 10 software (Molecular Devices). The mEPSCs were an-
alyzed using Mini Analysis Program (Synaptosoft).
To stimulate neurons expressing ChR2, we used a single-wavelength
LED system ( 470 nm; www.CoolLED.com) connected to the epiflu-
orescence port of the Olympus BX51 microscope. Light pulses triggered
by a TTL signal from the Clampex software (Molecular Devices) were
used to activate neurons and evoke synaptic transmission.
Immunohistochemistry. Immunohistochemistry experiments were per-
formed following standardprocedures.Briefly,micewere anesthetized and
transcardially perfused with PBS, followed by perfusion with 4% PFA.
Brains were extracted and further fixed in 4% PFA overnight at 4°C
followed by cryoprotection in a 30% PBS-buffered sucrose solution
for 36 h. Coronal sections (40 m) were cut using a freezing mi-
crotome (Leica SM 2010R, Leica). Sections were first washed in PBS
(3 5 min) and then incubated in PBST (0.3% Triton X-100 in PBS)
for 30 min at room temperature, followed by washing with PBS (3 
5min). Next, sections were blocked in 5% normal goat serum in PBST
for 2 h at room temperature, followed by incubation with primary
antibodies overnight at 4°C. Sections were then washed with PBS
(3 10 min) and incubated with fluorescent secondary antibodies at
room temperature for 1 h. After washing with PBS (5  10 min),
sections were mounted onto slides with Fluoromount-G (Beckman
Coulter). Images were taken using a LSM 710 laser-scanning confocal
microscope (Carl Zeiss). Image analysis and cell counting were per-
formed using ImageJ software. The primary antibodies used were
anti-PKC- (rabbit, Millipore Bioscience Research Reagents, 1:500)
and anti-somatostatin (rabbit, Millipore Bioscience Research Re-
agents, 1:1000).
Figure 2. PKC- neurons do not appreciably project to PAG or PVT. A, A representative coronal brain section containing CeL,
inwhich thePAG-projectingneuronswere labeledwithCTB-488 (left). PKC-neuronswere recognizedbyanantibody (middle).
Bottom,Higher-magnification images of theboxedarea in the corresponding top.B, SameasA, except that thePVT-projectingCeL
neurons were examined. C, Quantification of the percentage of long-range projection CeL neurons that are PKC- (n 4mice
for each group; mean SEM).
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Results
Subsets of SOM CeL neurons project to PAG or PVT
To determine whether CeL sends direct projections to PAG or
PVT, we injected the PAG and PVTwith a retrograde tracer CTB.
The CTB conjugated to the dye AlexaFluor-488 or AlexaFluor-
555 was separately injected into the ventrolateral PAG and the
posterior PVT of the same mice (Fig. 1A,B). A substantial num-
ber of CeL neurons were labeled by CTB injected into the PAG,
whereas fewer were labeled by CTB injected into the PVT, indi-
cating that CeL neurons send long-range projections directly to
either PAG or PVT (Fig. 1C–E). Interestingly, a fraction of CeL
neurons project to both PAG and PVT, as they were colabeled by
CTB injected into these two areas (Fig. 1C; 30.1  4.8% of the
identified PAG-projecting neurons coprojected to PVT, whereas
70.3  4.3% of the identified PVT-projecting neurons copro-
jected to PAG; mean SEM, n 7 mice).
The CeL contains twomajor populations, the SOM neurons
and PKC- neurons, which have different connectivity and dif-
fering roles in fear regulation (Haubensak et al., 2010; Li et al.,
2013). To determinewhether the long-range projectionCeL neu-
rons belong to either of these cell types, we examined the identity
of CTB-labeled neurons by immunohistochemistry.We found that
the vastmajority (80%)of the PAG-projecting, PVT-projecting,
and dual-projecting neurons are SOM
cells (Fig. 1C,D). As detection with anti-
bodies may underestimate the number of
SOM neurons, we also used the SOM-
Cre;Ai14mice (Madisen et al., 2010; Tani-
guchi et al., 2011), in which SOM
neurons are readily identified by their red
fluorescence (Li et al., 2013). Using this
strategy, 94% of PAG-projecting and
95% of PVT-projecting CeL neurons
(data from two mice and one mouse, re-
spectively) were determined to be SOM
(Fig. 1E,F). In contrast, only a small frac-
tion (20%) of the long-projection CeL
neurons were PKC- neurons (Fig. 2).
To determine whether the long-range
projection CeL neurons directly synapse
onto PAG or PVT neurons, we used an op-
togenetic method whereby channelrho-
dopsin-2 (ChR2) activates neurons when
stimulated by light (Zhang et al., 2006). As
these long-range projection neurons are
predominantly SOM (Fig. 1), we used the
SOM-Cre mice (Taniguchi et al., 2011) to
target the SOMCeL neurons.We injected
theCeL of thesemicewith aCre-dependent
adeno-associated virus AAV-DIO-ChR2
(H134R)-YFP to selectively expressChR2 in
SOM CeL neurons (Fig. 3A,B). As ex-
pected, SOM CeL neurons expressing
ChR2 could be reliably activated by a blue
light ( 470 nm) (Fig. 3C). Furthermore,
we found that photo-stimulation of axons
originating from the SOM CeL neurons
reliably evoked IPSCs in 3 of 21 neurons (2
mice) recorded in the PAG (Fig. 3D). Nota-
bly, responsive cells were restricted to the
ventrolateral portion of the PAG. In con-
trast,we failed todetect any IPSC inneurons
recorded in the PVT (22 neurons, 4 mice).
Fear conditioning strengthens excitatory synaptic
transmission onto the long-range projection CeL neurons
Our recent study indicates that synaptic plasticity onto SOM
CeL neurons stores fear memories (Li et al., 2013). To determine
whether fear conditioning can induce synaptic plasticity onto the
long-range projection CeL neurons, we prepared acute brain
slices from fear-conditionedmice and controlmice and recorded
miniature EPSCs (mEPSCs) from the CeL neurons projecting to
PAG or PVT, or to both targets (Fig. 4A–C). Remarkably, fear
conditioning increased the frequency of mEPSCs recorded from
either the PAG-projecting or the PVT-projecting neurons (Fig.
4D,E) and had a trend toward increasing mEPSC frequency in
the dual-projecting neurons (p 0.08, t test; Fig. 4E). Fear con-
ditioning also increased the amplitude ofmEPSCs recorded from
these neurons (Fig. 4E). These results indicate that fear condi-
tioning strengthens the excitatory synapses onto long-range pro-
jection CeL neurons.
Discussion
It is well established that PAG controls defensive responses (Le-
Doux et al., 1988; Johansen et al., 2011), and the PVT has recently
Figure 3. Direct synaptic connectivity between CeL and PAG. A, Schematic of viral injection. B, Left, Representative image of a
coronal section obtained from a SOM-Cremouse, in which the CeL was injected with the AAV-DIO-ChR2(H134R)-YFP. This section
was recovered after electrophysiological recording. Right, Higher magnification of the CeL region, showing that ChR2-YFP is
expressed in the SOM CeL neurons. C, Left, Schematic recording configuration. Right, Light-evoked excitatory currents (at70
mV holding potential) recorded from a SOM CeL neuron expressing ChR2-YFP. An LED ( 470 nm)was used to deliver a train
of blue light pulses (2 ms at 5 Hz, denoted by blue bars).D, Left, Schematic recording configuration. Right, IPSCs (at 0 mV holding
potential) recorded fromaPAGneuron, in response to the photo-stimulation (2ms at 5Hz, denotedbyblue bars) of axon terminals
originating from SOM CeL neurons. LA, Lateral amygdala; BLA, basolateral amygdala.
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been implicated in the regulation of con-
ditioned fear expression (Padilla-Coreano
et al., 2012). By combining retrograde
tracing, immunohistochemistry, and ge-
netic labeling, we identified a subset of
SOMCeL neurons directly projecting to
the PAG and/or PVT. The identified frac-
tion of CeL neurons projecting to both
PAG and PVT is likely an underestima-
tion, as the probability of dual retrograde
labeling depends on the efficiency in tar-
geting axon fibers from CeL to both PAG
and PVT.
By using optogenetic techniques, we
confirmed that SOM CeL neurons syn-
apse onto a subset of neurons located
within the ventrolateral portion of PAG.
Therefore, activation of SOM CeL neu-
ronsmay, like activation of CeMneurons,
acts to disinhibit PAG output, thereby
driving fear expression. Importantly, we
found that fear conditioning potentiates
excitatory synapses onto these long-range
projection neurons. This synaptic poten-
tiation is expressed as an increase in both
the frequency and amplitude of mEPSCs
in fear-conditioned mice compared with
controlmice.Whereas highermEPSC fre-
quency may reflect an increase in either
presynaptic release probability or the
number of active synapses, a change in
mEPSC amplitude usually indicates a
postsynaptic effect (Kerchner and Nicoll,
2008; Li et al., 2013). Thus, consistent
with our previous findings, it is likely that
both presynaptic and postsynaptic mechanisms contribute to the
fear conditioning-induced synaptic potentiation onto CeL neu-
rons (Li et al., 2013).
Our retrograde tracing results indicate that a fraction of CeL
neurons projects to the PVT. However, we were unable to detect
CeL–PVT fast synaptic transmission. This could be for the fol-
lowing reasons: (1) the innervation of PVT neurons by CeL is
sparse; (2) only a small number of CeL neurons project to the
PVT; the AAV-DIO-ChR2(H134R)-YFP failed to target these
neurons, as we restricted the size of infection area to avoid con-
tamination of structures adjacent to the CeL; and (3) transmis-
sion in the CeL–PVTpathway ismediated by neuropeptides (e.g.,
somatostatin) or other neuromodulators.
Recent studies strongly indicate that the CeL is critical for fear
conditioning (Goosens and Maren, 2003; Wilensky et al., 2006;
Ciocchi et al., 2010; Haubensak et al., 2010) and that synaptic
potentiation onto SOM CeL neurons stores fear memories and
is required for the expression of conditioned fear (Li et al., 2013).
The present study suggests that a specific population of the
SOMCeL neurons, the long-range projection neurons, is likely
an important contributor to fear conditioning, as these neurons
undergo fear conditioning-induced synaptic potentiation. In
particular, the CeL–PAG pathway is capable of regulating fear
expression by directly controlling the activity of PAG neurons,
bypassing the canonical CeL–CeM–PAGpathway. TheCeL–PVT
pathway, on the other hand, may contribute to different aspects
of fear regulation (Padilla-Coreano et al., 2012) or modulate dif-
ferent behavioral states, such as adaptation to chronic stress (Hsu
and Price, 2009). The exact role of the long-range projection CeL
neurons in fear regulation warrants further investigation.
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